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We study diagonal and transition quark dipole operators in a class of extended technicolor (ETC)
models, taking account of the multiscale nature of the ETC gauge symmetry breaking and of the
mixing among ETC interaction eigenstates. Because of this mixing, terms involving the lowest ETC
scale can play an important role in dipole operators, and we focus on these terms. We derive from
experiment new correlated constraints on the quark mixing angles and phases. Our bounds yield
information on mixing angles individually in the up- and down-sectors, for both left- and right-
handed quark fields and thus constrain even quark mixing parameters that do not enter in the CKM
matrix. With phases of order unity, we conclude that these mixing angles are small, constraining
future ETC model building, but plausibly in the range suggested by the size of the CKM elements.
These values still allow substantial deviations from the standard model predictions, in particular for
several CP violating quantities, including the asymmetries in b→ sγ and Bd → φKS , Re(ǫ
′/ǫ), and
the electric dipole moments of the neutron and the 199Hg atom.
14.60.PQ, 12.60.Nz, 14.60.St
I. INTRODUCTION
Extended technicolor (ETC) provides a framework [1]
for the generation of fermion masses in theories of dynam-
ical electroweak symmetry breaking. In this paper we
study diagonal and transition quark magnetic and elec-
tric, and chromomagnetic and chromoelectric, dipole mo-
ments in a class of ETC models [2]- [6], taking account of
the multiscale nature of the ETC gauge symmetry break-
ing, and mixing between ETC interaction eigenstates to
form mass eigenstates for the fermions and gauge bosons.
The transition electric and magnetic dipole moments con-
tribute to processes such as b→ sγ. A CP-violating tran-
sition chromoelectric moment contributes to Re(ǫ′/ǫ) in
the kaon system, and the diagonal electric and chromo-
electric dipole moments contribute to a nonzero electric
dipole moment (EDM) for the neutron and atoms such
as 199Hg. We work out the predictions for ETC contri-
butions to these quantities and compare these with mea-
surements or bounds to obtain constraints on the models.
We ask whether these constraints can be satisfied without
fine tuning in these models and find that they can. This
is an extension to quarks of our study of lepton dipole
moments in Ref. [7].
The class of ETC models in Refs. [2]- [6] is based on the
gauge group SU(5)ETC which commutes with the stan-
dard model (SM) gauge group. It breaks sequentially
to a residual exact SU(2)TC technicolor gauge symme-
try, naturally producing a hierarchy of charged lepton
and quark masses. Thus, SU(5)ETC → SU(4)ETC at a
scale Λ1, with the first-generation SM fermions separat-
ing from the others; then SU(4)ETC → SU(3)ETC at a
lower scale Λ2 and SU(3)ETC → SU(2)TC at a still lower
scale Λ3, with the second- and third-generation fermions
separating in the same way, leaving the technifermions.
The models of Ref. [6] exhibit charged-current fla-
vor mixing, intra-family mass splittings without exces-
sive contributions to the difference ρ − 1 where ρ =
m2W /(m
2
Z cos
2 θW ), a dynamical origin of CP-violating
phases in the quark and lepton sectors, and a potential
see-saw mechanism for light neutrinos without the pres-
ence of a grand unified scale [3]. A key ingredient is the
use of relatively conjugate ETC representations for both
down-quark and charged lepton fields [6]. The choice
of SU(2) for the technicolor group (i) minimizes the TC
contributions to the electroweak S parameter, (ii) with
a SM family of technifermions in the fundamental repre-
sentation of SU(2)TC , can yield an approximate infrared
fixed point [8] and associated walking behavior, and (iii)
makes possible the mechanism for light neutrinos.
The sequential breaking of the SU(5)ETC to SU(2)TC
is driven by the condensation of SM-singlet fermions
which are part of the models. At the scale ΛTC , tech-
nifermion condensates break the electroweak symmetry.
The models do not yet yield fully realistic fermion masses
and mixings, and they have a small number of unac-
ceptable Nambu-Goldstone bosons arising from sponta-
neously broken U(1) global symmetries. Additional in-
teractions at energies not far above Λ1 must be invoked
to give them sufficiently large masses.
Nevertheless, the models share interesting generic fea-
tures, including a mechanism for CP violation, that are
worth studying in their own right. We approach this
study phenomenologically, relying on only the generic
features and using current experimental data to constrain
parameters and guide future model building within the
general class.
In any ETC model, the bilinear fermion condensates
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forming at each stage of ETC breaking have nonzero
phases, providing a natural, dynamical source of CP vio-
lation. Below the electroweak symmetry breaking scale,
the effective theory consists of the SM interactions, mass
terms for the quarks, charged leptons, and neutrinos,
and a tower of higher-dimension operators generated by
the underlying ETC dynamics. Here we focus on the
dimension-5 operators describing the electric/magnetic
and chromoelectric/chromomagnetic dipole moments of
the quarks. In a companion paper [9], we discuss the
impact of dimension-6 operators.
II. QUARK MASS MATRICES
The dipole operators are related to the dimension-3
mass terms of the up-type and down-type quarks, given
in general by
Lm = −f¯L,jM (f)jk fR,k + h.c. (1)
where f label the ETC eigenstates of the Q = 2/3 and
Q = −1/3 quarks, respectively and the indices j, k label
generation number. The mass matrices M (f) can in gen-
eral be brought to real, positive diagonal form M (q) by
the bi-unitary transformation
U
(f)
L M
(f)U
(f) −1
R =M
(q) . (2)
Hence, the interaction eigenstates f are mapped to mass
eigenstates q via
fχ = U
(f) −1
χ qχ , χ = L,R (3)
where q = (u, c, t) and q = (d, s, b) for Q = 2/3 and
Q = −1/3 respectively. In this way, the Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix enter-
ing the charged current interactions is generated:
V = U
(u)
L U
(d) †
L . (4)
Each of the matrices U
(f)
χ , χ = L,R, depends generally
on three angles θ
(f)χ
mn , mn = 12, 13, 23, and six (indepen-
dent) phases. Using the conventions of [18], we write
U (f)χ =
P (f)χα R23(θ
(f)χ
23 )P
(f)χ ∗
δ R13(θ
(f)χ
13 )P
(f)χ
δ R(θ
(f)χ
12 )P
(f)χ
β (5)
where Rmn(θ
(f)χ
mn ) is the rotation through θ
(f)χ
mn in the mn
subspace, P
(f)χ
α and P
(f)χ
β are given by
P (f)χa = diag(e
ia
(f)χ
1 , eia
(f)χ
2 , eia
(f)χ
3 ), a = α, β (6)
and P
(f)χ
δ = diag(e
iδ(f)χ , 1, 1). The mixing angles are
typically small if the off-diagonal M
(f)
jk ’s are more sup-
pressed than the diagonal ones.
In ETC models, the off-diagonal entries of the quark
mass matrices M (f) arise via mixing among the ETC
gauge bosons. In the model of Ref. [6], employing a rel-
atively conjugate ETC representation for the down-type
quarks, this is true also of the diagonal elements [11].
We note that in this model, M (u) is hermitian, so that
U
(u)
L = U
(u)
R , while M
(d) is a more general complex ma-
trix.
As for the phases, a complete theory should allow the
computation of all the observable ones [10]. In this paper,
having neither a complete theory nor arguments to sug-
gest that the phases are small, we derive bounds on com-
binations of mixing angles and phases. We then bound
the mixing angles with the assumption that the phases
are generically of order unity. An important future study
will be to see whether this is naturally the case. We
comment further on this and the strong CP problem in
section IV.
III. ELECTROMAGNETIC AND COLOR DIPOLE
MOMENT MATRICES
The magnetic and electric dipole-moment matrices
D(f) of the quarks appear in the dimension-5 operators
LDM = 1
2
f¯LD
(f)σµνfRF
µν
em + h.c. (7)
Similarly, the color (chromo-) magnetic and electric
dipole-moment matrices D
(f)
c enter the operators
LCDM = 1
2
f¯LTaD
(f)
c σµνfRG
µν
a + h.c., (8)
where Ta and G
µν
a denote a generator, and the field-
strength tensor, for color SU(3)c. (We include the color
SU(3)c coupling gs in our definition of D
(f)
c , just as it is
usual to include the electromagnetic coupling e in the def-
inition of the electric dipole moment; we note that some
authors separate gs out from their definition of D
(f)
c .)
In the class of ETCmodels we consider, the ETC gauge
bosons do not carry SM quantum numbers. Hence, in
the respective diagrams that produce the dipole moment
matrices and color dipole moment matrices, the photon
and gluon couple only to the virtual (techni)fermions.
Therefore,
D(f)c =
gs
eQf
D(f) (9)
where gs = gs(µ) is evaluated at the appropriate scale µ.
Transforming to the mass-eigenstate basis, we have
f¯LD
(f)σµνfRF
µν
em + h.c. = q¯LD
(q)σµνqRF
µν
em + h.c., (10)
where
D(q) = U
(f)
L D
(f)U
(f) −1
R . (11)
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Analogously, D
(q)
c = U
(f)
L D
(f)
c U
(f) −1
R . Both D
(q) and
D
(q)
c are independent of P
(f)χ
β , χ = L,R.
Decomposing D(q) into hermitian and anti-hermitian
parts, D(q) = D
(q)
H + D
(q)
AH , where D
(q)
H,AH =
(1/2)(D(q) ±D(q) †), the dipole operator takes the form
(1/2)[q¯D
(q)
H σµνq + q¯D
(q)
AHσµνγ5q]F
µν
em. Then the EDM of
qj is
dqj = −iD(q)AH,jj . (12)
Defining D
(q)
c,AH analogously, the chromo-EDM of qj is
dc,qj = −iD(q)c,AH,jj . (13)
We have described previously [6,7] how the mass ma-
trix M (f) and dipole matrix D˜(f) are estimated from an
underlying ETC theory and have noted how they are re-
lated in the presence of the mixing of ETC interaction
eigenstates to form mass eigenstates of the fermions and
gauge bosons. An important result that we need from
that analysis is the relation
D
(f)
jk ≃
eM
(f)
jk
Λ2jk
(14)
where each Λjk is a dimensionful parameter of order the
scale above which the (j ↔ k) ETC propagator becomes
soft. This structure reflects the fact that the leading
dipole contribution contains two additional inverse fac-
tors of the ETC scale(s) relative to the mass, and that
the corresponding integral is again sensitive to physics at
the ETC scales. Λjk is no greater than min(Λj ,Λk), and
can be less. The fact that its (j, k) dependence is non-
trivial implies that D
(f)
jk is not, in general, ∝ M (f)jk . It
is therefore not diagonalized by the transformation that
diagonalizes M (f); this transformation yields, instead,
a non-diagonal and complex form for the dipole matrix
D(q) of Eq. (11). Thus mixing has an important effect
on quark dipole moments in ETC models.
For numerical estimates of the dipole matrix, we take
the ETC breaking scales to be Λ1 ≃ 103 TeV, Λ2 ≃ 102
TeV, and Λ3 ≃ 4 TeV, as in our previous work. Since the
ETC interactions are strong at these scales, there is re-
sultant uncertainty in the calculations; this is understood
in our bounds. We focus on the contribution to each el-
ement of the dipole matrix in D(q) in the mass-diagonal
basis of third-family physics arising at the lowest ETC
scale Λ3. Then we have
D
(q)
jk ≃
eQq mq3F
(f)
jk,3
Λ23
(15)
where mq3 = mt,mb for the u, d sectors respectively, and
where F
(f)
jk,3 is a dimensionless function of the parame-
ters in U
(f)
L and U
(f)
R , of O(1) for generic values of these
parameters. Terms involving exchange of heavier ETC
vector bosons with masses Λ1 and Λ2 are also present
but are suppressed by the propagator mass ratios Λ23/Λ
2
j ,
j = 1, 2. Part of this propagator suppression may be
compensated for by the property that these other terms
involve fewer small mixing angle factors, and hence they
are not necessarily negligible; however, the Λ3-scale terms
on which we focus should provide a rough measure of the
overall ETC contributions.
The experimental constraints will demand small mix-
ing angles, so we record here the small-angle form of the
function F
(f)
jk,3. Using Eq. (11) and Eq. (5), we have
F
(f)
33,3 ≃ 1 + ... , (16)
F
(f)
23,3 ≃ ei(α
(f)L
2 −α
(f)L
3 )θ
(f)L
23 + ... , (17)
F
(f)
32,3 ≃ ei(−α
(f)R
2 +α
(f)R
3 )θ
(f)R
23 + ... , (18)
and, for j, k 6= 3,
F
(f)
jk,3 ≃ ηjkei[(α
(f)L
j
−α
(f)L
3 )−(α
(f)R
k
−α
(f)R
3 )]θ
(f)L
j3 θ
(f)R
k3 + ... ,
(19)
where each expression is accurate up to a real coefficient
of order unity, ηjk can contain δ
(f)χ phases, and ... de-
note higher order terms.
IV. THE STRONG CP PROBLEM
Before considering the phenomenology of the
dimension-5 operators, with their CP violating phases,
we discuss briefly the strong CP problem within the class
of ETC models being considered. Can these models lead
to the necessary condition
|θ¯| <∼ 10−10 (20)
where
θ¯ = θ − [arg(det(M (u))) + arg(det(M (d)))] , (21)
with θ appearing via the topological term
θg2s
32π2
Ga µνG˜
µν
a (22)
in the QCD Lagrangian?
The quark mass matrices M (f) (f = u, d) in the ef-
fective theory below ΛTC are generated by integrating
out short-distance physics at scales ranging from ΛTC
to the highest ETC scale Λ1. Above Λ1, all fermions
are massless. Some of the global chiral symmetries are
anomalous, and hence are broken by instantons. The
3
Fµν F˜
µν terms associated with each (nonabelian) gauge
interaction may be rotated away by chiral transforma-
tions through the relevant global anomalies. In partic-
ular, this renders θ = 0 for SU(3)c in the underlying
theory. In the effective low energy theory, then, we have
θ¯ = −arg(det(M (u)))− arg(det(M (d))). If θ¯ 6= 0, the ro-
tation (2) to the real diagonal mass basis will, of course,
regenerate the topological term through the anomaly. In
the models of Refs. [2]- [6],M (u) is hermitian, so θ¯ resides
in M (d).
More generally, the condition |arg(det(M (u))) +
arg(det(M (d)))| <∼ 10−10 can be rewritten by letting
U (f)χ = e
iφ(f)χ U (f)χ ∈ U(3) (23)
where U (f)χ ∈ SU(3) and χ = L,R. Then det(U (f)χ ) =
eiφ
(f)
χ , and, from Eq. (2),
det(M (f)) = ei(−φ
(f)
L
+φ
(f)
R
)det(M
(f)
diag.) . (24)
Hence, the necessary condition reads
|
∑
f=u,d
(−φ(f)L + φ(f)R )| <∼ 10−10 . (25)
Other phases, entering the CKM matrix or the dipole
operators, enter through the unimodular matrices U (f)χ ,
and are, in this sense, distinct from the strong CP phase.
In the notation of Eq. (5),
det(U (f)χ ) = exp[i
∑
j
(α
(f)χ
j + β
(f)χ
j )] , χ = L,R (26)
and, in terms of these quantities, Eq. (25) reads
∣∣∣∣
∑
f=u,d
∑
j
[
−(α(f)Lj + β(f)Lj )
+(α
(f)R
j + β
(f)R
j )
]∣∣∣∣ <∼ 10−10 . (27)
(independent of δ(f)χ). So in terms of these parameters,
only one linear combination (a sum over flavors j) of
the CP-violating phases α
(f)χ
j and β
(f)χ
j is tightly con-
strained.
Whether a resolution of the strong CP problem will
emerge in the class of models considered here is not
yet clear [10]. These models include certain Nambu-
Goldstone bosons, one of which can be associated with
a Peccei-Quinn dynamical relaxation of θ¯ to zero. But,
as noted above, these Nambu-Goldstone bosons must be
given large masses by new interactions, eliminating this
approach to solving the problem. Whatever the reso-
lution of the strong CP problem turns out to be, an
important point is that the relevant phase combination,
entering in Eq. (25) or equivalently Eq. (27), involves a
sum over the generational phases (labelled by j), whereas
other CP-violating phase combinations which contribute
to the quantities considered here (cf. Eqs. (17)-(19))
involve differences of generational phases (and δ(f)χ).
One must, therefore, analyze the effects of these flavor-
dependent phases, as we do here.
V. OFF-DIAGONAL DIPOLE MOMENTS
In this section, we begin our phenomenological discus-
sion by focusing on the off-diagonal entries in the ma-
trices D(q) and D
(q)
c . We turn to the diagonal elements
in Section V. The off-diagonal elements, both the CP-
conserving and CP-violating pieces, contribute to tran-
sitions q → q′γ and q → q′g, where g denotes a gluon
(which hadronizes). We derive constraints on ETC con-
tributions to the resultant hadron decays. These comple-
ment our previous study of upper limits from the electro-
magnetic leptonic decays µ → eγ, τ → µγ, and τ → eγ
in Ref. [7].
A. b→ sγ and b→ sg
We first consider the processes b → sγ and b → sg.
The former underlies the decays B → Xsγ, where Xs de-
notes a semi-inclusive final state containing an s quark.
For this purpose, one constructs an effective Hamiltonian
describing the physics at energies below the electroweak
scale by integrating out the heavyW and Z gauge bosons
and the top quark. QCD effects are then taken into ac-
count through the renormalization group (RG) running
of the Wilson coefficients of this effective Hamiltonian
down to the scale relevant for the physical process of in-
terest, where the matrix elements of the operators are
computed. We use the operator basis Ok as in [12]. The
relevant effective Hamiltonian for the processes b → sγ
and b→ sg, keeping dominant terms, is
H ≃ −GF√
2
V ∗tsVtb
[ 10∑
k=1
Ck Ok
+ C7γ O7γ + C8g O8g
]
+ h.c. (28)
where Vtb and Vts are CKM matrix elements. The Ok,
k = 1, .., 10 are dimension-6 four-fermion operators, while
the last two operators are the dimension-5 operators of
primary interest in this paper,
O7γ =
emb
4π2
[s¯LσµνbR]F
µν
em (29)
and
O8g =
gsmb
4π2
[s¯LσµνTabR]G
µν
a . (30)
QCD running between the electroweak scale, taken here
as mZ , and the scale of B-decays µb introduces mixing
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among the Wilson coefficients, in such a way that ob-
servables determined by any particular operator Ok at
the low scale depend on a combination of the Wilson co-
efficients at the electroweak scale.
The Wilson coefficients of the effective Hamiltonian
receive contributions from SM physics as well as ETC
interactions. Our focus is on the ETC contributions to
the dipole operators and we thus take the first 10 Wilson
coefficients, computed at the common scale O(mZ), to
be determined by the SM interactions only: Ck = C
SM
k
for k = 1, ..., 10. For the dipole-operator coefficients C7γ
and C8g at the electroweak scale, we have
C7γ,8g = C
SM
7γ,8g +∆C7γ,8g (31)
where the increments are due to the ETC interactions
and are given by
∆C7γ ≃ −2
√
2π2
GFΛ23
Qf F
(d)
23,3
V ∗tsVtb
(32)
and
∆C8g ≃ −2
√
2π2
GFΛ23
F
(d)
23,3
V ∗tsVtb
. (33)
After input of the SM contributions at the electroweak
scale and QCD evolution to µb, the Wilson coefficients
can be written in the form [12],
C7γ(µb) ≃ −0.3 + 0.7∆C7γ + 0.09∆C8g , (34)
C8g(µb) ≃ −0.15 + 0.7∆C8g . (35)
The first term in each case is the SM contribution, com-
puted using input CKM parameters based on global fits
[12,14]. Each lies essentially along the real axis, because
the rephasing-invariant quantity V ∗csVcb/(V
∗
tsVtb) has a
negligibly small complex phase. In the case of C7γ(µb),
the dominant ETC correction comes from the 0.7∆C7γ
term.
The branching ratio BR(B → Xsγ) is proportional to
|C7γ(µb)|2. Experimentally, BR(B → Xsγ) = (3.34 ±
0.38)× 10−4 [13], in agreement with the SM value at the
10% level. This leads to an allowed annular region in
the complex C7γ(µb)-plane, a band of width ±5% rela-
tive to the SM value. The resultant constraint on the
magnitude of the ETC contribution depends on its CP-
violating phase. This phase depends in turn on the phase
differences in the small-angle expressions Eqs. (17) and
(18), which enter ∆C7γ through Eq. (32).
Two possibilities suggest themselves. One is that the
ETC contribution to C7γ(µb) is less than about 5% in
magnitude relative to the SM value. There is then no
constraint on the value of the phase, and we find
|θ(d)χ23 | <∼ 0.02 for χ = L,R. (36)
Another possibility is that the magnitude of the ETC
contribution is larger, but that the phase is such as to
yield a value for C7γ(µb) within the allowed annular re-
gion in the complex plane. The latter case involves some
correlation between the magnitude and phase of the ETC
contribution, but would allow a larger value for the mix-
ing angles θ
(d)χ
23 , with χ = L,R.
To explore further the possibility of a significant rel-
ative phase between the standard model and ETC con-
tributions to the b → sγ amplitude, we consider CP-
violating asymmetries in B decay. Let ACP (i → f)
denote the CP-violating asymmetry in the rates for an
initial particle i to decay to a final state f : ACP (i →
f) = (Γi→f −Γi¯→f¯ )/(Γi→f +Γi¯→f¯ ). Current data yields
−0.093 ≤ ACP (B → Xsγ) ≤ 0.096 (Belle, [13,15]) and
−0.06 ≤ ACP (B → Xsγ) ≤ 0.11 (BABAR, [16]), both
at the 90 % CL. These limits are consistent with the
standard model, in which, using global fits to CKM pa-
rameters, this asymmetry is predicted to be ≃ 0.005 [17].
This agreement constrains ETC contributions. We use
the expression (e.g. [12,17])
ACP (B → Xsγ) ≃ 1|C7γ(µb)|2
[
a27Im(C2(µb)C
∗
7γ(µb))
+ a87Im(C8g(µb)C
∗
7γ(µb))
]
(37)
where the coefficients aij are known quantities, and
where we have kept only the largest interference terms.
The Wilson coefficient C2 corresponds to the operator
O2 = 4[s¯LγµcL][c¯Lγ
µbL], and is present already at tree
level in the standard model. The ETC contribution may
be computed using Eqs. (34), (35), and (28). The current
bounds are such that |Im(F (d)jk,3)| <∼ 0.1 for jk = 32, 23.
Hence, neglecting the special possibility of maximal
destructive interference between the SM and ETC con-
tributions to the b → sγ amplitude, the measured rate
and the bounds on the CP-violating asymmetry for this
decay together constrain |θ(d)χ23 | <∼ O(0.02 − 0.1). That
these mixing angles might not be too far below this range
is suggested by the fact that combinations of θ
(d)L
jk and
θ
(u)L
jk enter the CKM mixing matrix (4). In general, one
might expect that the individual mixing angles θ
(u)χ
jk and
θ
(d)χ
jk would be comparable to the corresponding mea-
sured CKM angle θjk in V . The measured value of the
CKM angle θ23 is θ23 ≃ 0.04, in roughly the same range.
We remark briefly on other CP-violating observables
affected by the possible ETC modification of C7γ and
C8g. In the standard model, time-dependent CP-
violating asymmetries in the decays B0d, B¯
0
d → φKS , aris-
ing from one-loop (penguin) diagrams, are predicted to
be the same as those in the tree-level decays B0d, B¯
0
d →
J/ψKS. ETC contributions to the φKS asymmetries
through C8g could change this. At present, Belle and
BABAR measurements of the CP-violating asymmetries
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in B0d, B¯
0
d → φKS disagree with each other [18], and
hence it is not clear if this data will confirm or deviate
from the SM predictions. Constraints from other gluon-
penguin dominated processes such as B0d, B¯
0
d → η′KS
should also be taken into account in a complete analysis.
B. Other Off-diagonal Terms
We next consider the process s → dγ which gives rise
to radiative hyperon and meson decays. The relevant
Hamiltonian is similar to that of Eq. (28), with the re-
spective replacements of b by s and s by d. Branching
ratios for radiative hyperon decays are of order 10−3;
for example, BR(Σ+ → pγ) = (1.23 ± 0.05)× 10−3 and
BR(Λ→ nγ) = (1.75± 0.15)× 10−3 [18]. Angular asym-
metries in decays of polarized hyperons have also been
measured. A typical radiative K decay is K+ → π+π0γ,
with BR(K+ → π+π0γ) = (2.75 ± 0.15) × 10−4. Al-
though the branching ratios and asymmetries are only
approximately calculable, owing to long-distance contri-
butions, the standard model yields an acceptable fit. The
relevant ETC-induced transition dipole moment is given
by Eq. (15) with jk = 12 and jk = 21. We find that
the ETC contributions are safely smaller than the SM
one and hence these decay rates and asymmetries do not
yield interesting constraints on the fermion mixing.
The process s → dg provides a tighter constraint.
Its chromomagnetic and chromoelectric dipole elements
produce a (virtual) gluon which then hadronizes. Most
importantly, the ETC-induced transition chromo-EDM
provides a new contribution to direct CP violation in
KL → 2π decays. The latter is measured by the quan-
tity Re(ǫ′/ǫ), which is determined via
∣∣∣∣η+−η00
∣∣∣∣
2
≃ 1 + 6Re
(
ǫ′
ǫ
)
(38)
where η+− and η00 are given in terms of measured am-
plitude ratios by A(KL → π+π−)/A(KS → π+π−) =
η+− ≃ ǫ+ǫ′ and A(KL → π0π0)/A(KS → π0π0) = η00 ≃
ǫ − 2ǫ′. Experimentally, Re(ǫ′/ǫ) = (1.8 ± 0.4) × 10−3
[18]. There are uncertainties in theoretical estimates of
Re(ǫ′/ǫ) in the standard model owing to difficulties in
calculating the relevant matrix elements and in choos-
ing input values of some parameters such as the strange
quark mass [19]. Nevertheless, we can deduce a rough
bound from the requirement that the contribution from
the ETC-induced transition quark chromo-EDM opera-
tor not be excessively large. We obtain
|Im(F (d)12,3)| <∼ 10−3 − 10−4 . (39)
This bound can be satisfied with the phase differences
in Im(F12,3) of order unity providing that
|θ(d)χ13 θ(d)χ
′
23 | <∼ 10−3 − 10−4 , (40)
where χ, χ′ = L,R or R,L.
A similar limit on the corresponding up-type angles
emerges from the process c → uγ. It leads to radiative
decays such as D+ → π+π0γ, D+ → ρ+γ, D0 → π+π−γ,
and D0 → ρ0γ. Using the limit BR(D0 → ρ0γ) <
2.4× 10−4 [18] that has been established on one of these
possible decays, we derive the bound
|θ(u)χ13 θ(u)χ23 | <∼ 0.008 (41)
where χ = L,R.
The possibility that these products of angles are not
too far below the bounds (40) and (41) is suggested by
the fact that the mixing angles θ
(d)L
jk and θ
(u)L
jk enter the
CKM quark mixing matrix (4). As noted earlier, one
might expect that θ
(u)χ
jk and θ
(d)χ
jk would be comparable
to the corresponding measured CKM angle θjk in V . The
measured value of the CKM angle θ13 is θ13 ≃ 0.004, in
roughly the same range.
The ETC-induced transition dipole moments also con-
tribute to the elementary decays b → dγ, affecting both
CP-conserving and CP-violating observables. However,
the experimental search for these decays, both via in-
clusive modes and such exclusive modes as B → ργ
and B → ωγ, is difficult because of the small branch-
ing ratios and large backgrounds. Current upper limits
on branching ratios for these exclusive modes from Belle
and BABAR are ∼ 10−6 [13]. These do not yield signifi-
cant constraints on ETC contributions. In the up-sector,
because of the large top mass and limited data on top de-
cays, there are only weak limits on the radiative modes
t→ uγ and t→ cγ.
C. Discussion
The study of the off-diagonal elements of the matrices
D(q) and D
(q)
c , focusing on physics at the lowest ETC
scale Λ3, leads to constraints that can be satisfied with
CP-violating phase differences of order unity and reason-
able limits on the relevant mixing angles. These limits
are consistent with values in a range suggested by the fact
that the angles θ
(d)L
jk and θ
(u)L
jk determine the measured
CKM angles through Eq (4).
It is worth observing that at least one combination of
the phases α(f)L, β(f)L, and δ(f)L for f = u, d must be
of order unity. The CKM rephasing-invariant product
J = (1/8) sin(2θ12) sin(2θ23) sin(2θ13) cos θ13 sin δ (42)
is quite small, |J | ∼ 10−5, but this suppression arises
from the small CP-conserving mixing angles. The intrin-
sic CP-violating phase angle δ defined in the standard
parametrization by Vub = e
−iδ sin θ13, is not small. In-
deed, current CKM fits give, for the ratio η¯/ρ¯, which is
equal to tan δ in the standard model, a value η¯/ρ¯ ≃ 2
[14].
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VI. DIAGONAL ELECTRIC AND
CHROMOELECTRIC DIPOLE MOMENTS
The diagonal electric and chromo-electric dipole mo-
ments for the up and down quarks arising from ETC
interactions provide tighter constraints on certain com-
binations of phase differences and mixing angles. These
moments derive from the diagonal elements of D
(q)
jk (Eq.
15). Recall that this expression is correct to leading or-
der in ETC scales, depending explicitly on the inverse
square of only the lowest ETC scale Λ3. Thus,
du =
e Qu
gs
dc,u ≃
e Qu mt Im(F
(u)
11,3)
Λ23
(43)
dd =
e Qd
gs
dc,d ≃
e Qd mb Im(F
(d)
11,3)
Λ23
, (44)
with the small-angle expressions for the F
(f)
11,3 given by
Eq. (19) and involving flavor-differences of phases.
We stress that these mixing-induced terms can be
the dominant contributions to the up- and down-quark
EDM’s only if the sum over all flavor-phases (in Eqs. (25)
or (27)) is negligibly small, that is if the strong CP prob-
lem has been solved. We note that the pure electroweak
contribution to quark electric dipole moments has been
estimated to be <∼ 10−32 e-cm and hence is negligibly
small [20,21].
CP-violating electric dipole moments such as those of
the neutron and certain atoms like 199Hg receive con-
tributions from the quark EDM’s and the quark color
EDM’s. The latter lead to CP-violation in the hadronic
wave function (the CEDM enters as a correction to
t-channel gluon exchange between the bound quarks).
There are also contributions from the CP-violating triple-
gluon operator cabcGa λµG˜
µν
b G
λ
c ν [22], and loop-induced
CP-violating W+W−γ vertices [23].
We focus here on the quark-EDM contributiuons. To
estimate them, one starts as in the case of the off-
diagonal elements with operators defined at short dis-
tances, uses renormalization-group methods to evolve
these to hadronic distance scales ∼ 1 fm, and then com-
putes the relevant hadronic matrix elements. For two
reasons, we adopt a simpler approach here. Because the
direct SM contribution to the EDM’s is many orders of
magnitude smaller than the expected ETC contribution,
we neglect the SM contribution here. And because the
computation of the hadronic matrix elements, involving
only first-generation quarks, is more uncertain than for
the off-diagonal matrix elements, we also neglect the RG
running of the ETC contribution.
A. Bounds from EDM’s
The current experimental upper bound on the neutron
electric dipole moment dn is |dn| < 6.3 × 10−26 e-cm
[24]. In setting constraints, we assume that there are
no accidental cancellations between different contribu-
tions to the experimentally observable EDM’s. For an
estimate of the hadronic matrix element of the quark
EDM operators, 〈n|f¯σµνγ5f |n〉, f = u, d, various meth-
ods yield roughly similar results, which are comparable to
the static quark model relation dn = (1/3)(4dd−du). Us-
ing these estimates, we infer from the above limit on |dn|
that |Im(F (u)11,3)| <∼ 1× 10−6 and |Im(F (d)11,3)| <∼ 3× 10−5.
The same quantities enter into the quark color EDM’s
and can, in principle, be bounded from their contribu-
tions to dn. Since QCD is nonperturbative at the low en-
ergies relevant here, there are uncertainties in the propor-
tionality factors connecting the CEDM’s dc,f , f = u, d,
to dn (e.g., [25]), and there is the related question of what
value to use for the color gauge coupling gs in Eq. (9)
at such low energies. In general, from these CEDM’s one
obtains limits that are comparable to the ones above on
|Im(F (f)11,3)|, f = u, d.
The most stringent limits on these quantities are ob-
tained from upper bounds on EDM’s of atoms, in partic-
ular from 199Hg. Experimentally, |d199Hg| < 2.1× 10−28
e-cm [26], which is about a factor of 50 smaller than the
upper limit on |dn|. From this we obtain the bounds
|Im(F (u)11,3)| <∼ 0.3× 10−7 (45)
|Im(F (d)11,3)| <∼ 0.6× 10−6 . (46)
We note that in the class of models Refs. [2]- [6],
Im(F
(u)
11,3) (19) vanishes identically. This is becauseM
(u)
is hermitian in these models and therefore U
(u)
L = U
(u)
R .
From Eq. (19), we see that Eqs. (45) and (46) con-
strain a product of θ
(f)L
13 θ
(f)R
13 times the imaginary part
of a phase factor, for f = u, d. If the phase differences
are of order unity, then
|θ(d)L13 θ(d)R13 | <∼ 0.6× 10−6 , (47)
with a tighter bound on |θ(u)L13 θ(u)R13 | if M (u) is not her-
mitian. The bound (47) is comparable to that on the
corresponding product of charged-lepton mixing angles
coming from the current limit on the electron EDM [7].
The above bound may be satisfied with |θ(d)L13 | ≃
|θ(d)R13 | ≤ 0.0008. We note again that the corresponding
angle θ13 in the CKM matrix V has the measured value
≃ 0.004, only a factor of five larger. Furthermore, the ex-
pression for θ13 contains terms proportional to products
such as θ
(u)L
12 θ
(d)L
23 which could be the dominant contri-
bution and naturally be of order 0.004. Hence, although
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the bound (47) and its analogue for f = u do imply quite
small values for the indicated products of rotation angles,
they can plausibly be satisfied in ETC models that suc-
cessfully predict the CKM matrix.
We note, by contrast, that if all the above mixing an-
gles are of order the CKM angle θ13 ≃ 0.004, then the rel-
evant combination of phase differences in the down sector
must be rather small, <∼ 0.04. The corresponding limit on
the up-sector would be even smaller, of order 0.002, but
would be automatically satisfied in models where M (u)
is hermitian.
Finally, we comment that an s-quark (chromo-) EDM
can also contribute to the 199Hg EDM. This contribution
is more difficult to compute since there are no valence
s quarks in the nucleon. It can be roughly estimated,
leading to a bound on |Im(F (d)22,3)|. This bound is much
weaker than the above bound on |Im(F (d)11,3)|, but it could
have important implications for the mixing angles θ
(d)L
23
and θ
(d)R
23 .
B. Discussion
The quark EDM’s and chromo-EDM’s correspond to
the diagonal elements of the matricesD(q) and D
(q)
c . The
bounds on these quantities, in particular from the mea-
sured limit on the EDM of 199Hg, lead to tight constraints
on mixing angles and/or CP-violating phase differences
in the individual subsectors q = u, d. These derive from
the contributions to the elements of D(q) and D
(q)
c from
physics at the lowest ETC scales Λ3 (e.g. Eq. (15)). If
the phase differences are of order unity, then the down-
type mixing angles are bounded as in Eq. (47), with an
even tighter bound in the up sector if M (u) is not her-
mitian. The bound (47) is comparable to that on the
corresponding product of charged-lepton mixing angles
coming from the current limit on the electron EDM [7].
VII. CONCLUSIONS
We have shown that in the class of ETC models [2]-
[6], mixing effects significantly affect predictions for di-
agonal and transition magnetic and electric dipole and
color dipole moments. We have used measurements of
b→ sγ, c→ uγ and Re(ǫ′/ǫ), and limits on CP-violating
electric and chromoelectric dipole moments of quarks to
set new constraints on the mixing angles and phases in
the unitary transformations from the quark flavor (ETC-
interaction) eigenstates to the mass eigenstates. The
analysis focuses on physics at the lowest ETC scale Λ3,
taken to be a few TeV to allow for the measured value
of mt. While there are ETC contributions to these pro-
cesses involving all of the ETC scales, the terms arising
at Λ3 should provide a rough measure of the overall ETC
effect.
Our bounds provide new information about quark mix-
ings since they apply separately to the individual charge
sectors q = u and q = d. By contrast, the measured CP-
conserving angles and CP-violating phase in the CKM
matrix arise from the (mismatch of the) unitary trans-
formations U
(u)
L and U
(d)
L . Our bounds also constrain
the unitary transformations U
(q)
R , q = u, d, which do not
enter in the charged weak current and associated CKM
matrix.
We make two observations about the bounds we have
derived, assuming the CP-violating phase differences to
be of order unity. First of all, each of the mixing an-
gles in the diagonalization of the quark mass matrices is
relatively small, a restrictive requirement for the further
development of ETC models, perhaps along the lines of
Refs. [2]- [6]. (The same is true for the charged leptons
[7].) Secondly, while the mixing angles must be small,
the bounds allow them to be ”reasonable”, that is, in the
same range as the measured values of the CKM angles
(which are expressible as combinations of mixing angles
for left-handed quarks).
In the class of models of Refs. [2]- [6], small mixing an-
gles can emerge for the up-type quark masses because the
off-diagonal terms require mixing among the ETC gauge
bosons, which is suppressed by ratios of ETC scales, while
the diagonal terms do not. The mechanism employed
in this class of models for the suppression of down-type
quark masses and charged-lepton masses requires ETC
gauge-boson mixing to generate diagonal as well as off-
diagonal elements. Thus the ingredients for small mixing
angles in the down-quark sector are not yet as evident.
Finally, we note that the experimental constraints on
the dimension-five dipole operators still allow ETC mod-
els to produce sizable departures from the SM predic-
tion, in particular for several CP violating observables.
These include the EDM’s of the neutron and of 199Hg,
the direct CP violation in the kaon system (measured as
Re(ǫ′/ǫ)) and the CP asymmetry in the inclusive decay
b→ sγ, or in the decay Bd → φKS . Improvements in the
experimental sensitivity and reductions in the QCD un-
certainties of the SM prediction could set more stringent
bounds or even allow detection of ETC effects.
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